Different cables of considerable lengths are often used to link distributed electronic systems in high voltage substations. These cables are usually shielded for protection against induced transient voltages in case of power system abnormal operation or lightning.
The physical situation is illustrated in Fig. 1 . Evaluation of voltages coupled to shielded cables may be considered as a two-step process: firstly, voltages and currents in shields are computed by the rigorous antenna theory approach, and secondly, voltages coupled to the connected electronic equipment are obtained by usual circuit theory approach.
Two main causes of such induced voltages in the shield are: time-varying magnetic flux and potential difference at the cable connections with the earthing system. It has been shown in that both components of the voltage along shield, due to ground potential difference and field coupling, are significant and moreover that they cancel each other. As a consequence, it is possible to optimize the design of the protection of cables connecting electronic equipment in power and industrial plants by considering modification of earthing system and defining requirements for the cable shielding.
To evaluate voltages and currents in cable shield it is necessary to evaluate the transient voltages and currents in the earthing system conductors. This may be effectively achieved by use of computer software, such as TRAGSYS, Fig. 2 . The applied method of analysis is based on an exact formulation derived from the complete set of Maxwell's equations that are solved numerically. The results of the computation are successfully compared with field measurements.
User-friendly graphical interface (Fig. 2) enables definition of the arbitrary geometry of the grounding system by simply drawing on the computer screen with a pointing device, such as mouse. Many of the drawing tasks are automated, such as drawing grids or rods at the edge of the grid. Other parameters are also easily defined via pull-down menus. Potential distributions or voltages between specified points that characterize high frequency and transient behavior of the grounding system may be observed on the computer screen in form of 2D plots or 3D perspectives.
If an improvement of the high frequency or transient behavior is required, the design of the grounding system may be easily modified on the computer screen, comparing the new results with the previous ones. By this way, using this "cut-andtry" procedure, one can easily try several modifications of the geometry of the grounding system, while observing the results. Comparison of the corresponding potential and voltage distributions may help in selection of the optimal grounding system arrangement. 
INTRODUCTION
Different cables of considerable lengths are often used to link distributed electronic systems in high voltage substations. These cables are usually shielded for protection against induced transient voltages in case of power system abnormal operation or lightning [1] .
The problem of coupling to shielded cables is well understood [2] . If the current or voltage in the shield is known, than simplified circuit modeling may be applied, and induced voltages in the cable may be determined using the concepts of transfer impedances or reduction factors, respectively, [3] . However, the main problem is to evaluate the currents or voltages in the shield.
Two main causes of such currents and voltages in the shield are: field coupling and ground potential difference. A review of the existing literature shows that there are different opinions on the importance of these two sources. One opinion is that in case of uninsulated shields the voltage between the shield end points would be mainly identical to the difference of the potential between such points [4] . The other is that only voltages due to time-varying magnetic fluxes are of importance [5] . However, it has been shown in [6] that both components of the voltage along shield, due to ground potential difference and field coupling, are significant and moreover that they cancel each other. As a consequence, this results in smaller total voltage than predicted solely on potential difference analysis or field coupling.
This paper first summarizes the analysis in [6] and [7] and then presents software methods for practical analysis of transient voltages coupled to shielded cables in HV substations that appear at the terminals of connected electronic equipment.
COMPUTER MODEL FOR EVALUATION OF VOLTAGES COUPLED TO SHIELDED CABLES
The physical situation is illustrated in Fig. 1 . Evaluation of voltages coupled to shielded cables may be considered as a two-step process: • firstly, voltages and currents in shields are computed by the rigorous antenna theory approach, and
• secondly, voltages coupled to the connected electronic equipment are obtained by usual circuit theory approach.
To evaluate voltages and currents in shields it is necessary to evaluate the transient voltages and currents in the earthing system conductors. The transient analysis of large earthing systems is based here on the recent advances in the application of antenna theory [8] - [10] . The antenna models are based on an exact formulation derived from the complete set of Maxwell's equations that are solved numerically. Their main advantage is in analysis of electromagnetic interactions between structures of complex geometry. Applied procedures are validated by comparison with field measurements by Electricite de France. The modeling is believed to be more accurate than other more simplified models based on circuit theory, which are based on quasi-static approximation [11] . Interested reader is referred to [10] for full details on the model and its validation by comparison with field measurement and with other authors' models. Figure 2 illustrates one example of circuit modeling of double-end grounded shield [3] . Of interest are voltages at electronic equipment input terminals, which are: common mode U CM and differential mode U DM voltages. When the current in the shield I S is known then the common mode voltage coupled to the shielded cables U CM may be computed using known transfer impedance [3] . Also when the voltage along shield E S is known than common and differential mode voltages may be determined by known reduction factors [3] . Therefore the influence of different parameters on the voltages induced in the shielded cables may be studied by studying the voltage along the shield. Figure 3 illustrates the earthing grid adopted for analysis. Homogeneous soils with resistivity ρ = 1000 Ω⋅m with relative permittivity ε r = 9 is considered. Concerning the location of the feed point, two scenarios are considered: injection in the corner point, and, alternatively, in the center point of the grid. Two alternative cable routes are considered between points 1 and 3 (Fig. 3) . The lightning current wave shape adopted for computations is typical subsequent stroke with T 1 /T 2 = 0.25/100 µs, defined in [12] .
COMPUTATION OF THE VOLTAGE BETWEEN SHIELD'S END POINTS
Total voltage V T between the shield's end points 1 and 3 along the shield (Fig. 3 ) may be expressed as sum of two terms [13] :
where l is a line along the cable route. Here ∆φ = φ 1 − φ 3 is potential difference between points 1 and 3, and v l is field-coupling term due to timevarying currents in earthing system conductors. The first term ∆φ is uniquely defined, but the second term v l is path dependent. In this analysis, field coupling due to aboveground sources is neglected. Figure 4 illustrates transient current injected at the corner point of the grid and voltage between end points of the shield, routed along points 1, 2 and 3 (as shown in Fig. 3 ). It can be seen that ∆φ and v l are opposite, and the total voltage v T is smaller than any of these two terms. In this case ∆φ has dominant influence on the total voltage v T , but v T is considerably smaller than ∆φ due to the effect of v l . Fig. 3 . 60 x 60 m 2 earthing grid with 6 x 6 10 square meshes at 0.8 m depth, constructed or copper conductor with 1.4 cm diameter. Cable shield is double-end grounded at points 1 and 3, and is buried at 0.3 m depth. Two alternative cable routes are denoted 1-2-3 and 1-3 and two alternative lightning current feed points are at the corner and at the center of the grid. 
SOFTWARE METHODS FOR PRACTICAL ANALYSIS OF INDUCED VOLTAGES IN CABLE CONDUCTORS
Available software packages for analysis of transient performance of earthing systems are listed in [14] . Here, TRAGSYS [15] , a software package for high frequency and transient analysis of grounding systems and induced voltages in cables for Windows 90/2000/NT, is described. It may be used for the "first-step" of the analysis of induced transient voltage at electronic equipment cable terminals, as described in the second part of this paper.
Calculation Method
TRAGSYS is aimed for computing the low and high frequency, and the transient behavior of grounding structures. It uses an antenna theory model based on a rigorous integral formulation derived from the complete set of Maxwell's equations. The solution is obtained in frequency-domain and the transient response by inverse Fourier transform techniques. Results are extensively validated by comparison with field measurements by the Electricité de France and by comparison with other authors' models [6] , [16] .
Basic assumptions of methods used are the following. Conductors are solid and straight, with horizontal or vertical orientation with circular cross section. They are bare and completely buried in soil, and are electrically characterized by conductivity. Conductor configuration may consist of arbitrary connected (and/or separated) networks of conductors. Soil is homogeneous and characterized by conductivity and permittivity. Conductor structure is energized by current injection in arbi- 
Data Input and Modification During Interactive Computer Session
Input data consists of: geometrical data of a network of connected or separated buried conductors with arbitrary orientation, conductivity of the conductors and characteristics of soil, and location and shape of injected current impulses. Userfriendly input of data is enabled in graphical mode, which enables easy definition and modification of the geometry after viewing the results.
Geometrical data may be entered during interactive computer session in graphical mode:
• by entering conductors' Cartesian coordinates in a spreadsheet-like input data processor in a separate window using keyboard; and
• by simply drawing on the computer screen with a mouse.
Using mouse and close range zooming generally makes up drawing easy, but keyboard input of conductor's end points' coordinates is also enabled if maximum precision is required.
During all above actions the conductor network geometry is simultaneously displayed in the main graphical window. Additional 3D view of the grounding system is also enabled in a separate window, where rotation and zooming functions is easily enabled using mouse for better visualization. In all above methods of geometry definitions only end points of straight conductors are required. The program automatically determines all intersection and connection points and identifies nodes and segments in the conductor network.
Special tools are developed to make easy different drawing tasks, such as:
• automatic definitions of grids,
• automated definition of vertical conductors at selected points,
• automatic or manual definition of subdivisions of segments required for the numerical solution,
• aligning and bounding conductors together and connecting conductors to nodes.
Other common input data are entered in suitable menus. All data that are specific for one conductor may be entered in a menu that contain all characteristics assigned to the selected conductor.
Geometrical data may be modified by several methods. Data may be modified using keyboard in the spreadsheet-like input data processor that enables access to all input data. Also, data for selected conductor may be modified by keyboard in the menu that contains its characteristics. Finally, geometry may be modified using mouse and drag and drop functions. Basic operation or manipulation of conductor segments is their selection. One or more conductor segments are selected with click of the left mouse button. Right mouse button invokes menu with conductor characteristics. Selected conductors then may be moved or deleted using mouse.
Representation of Output Results
Results of the computations are: impedance to ground, scalar potentials and/or electromagnetic fields, voltages along paths, leakage currents, all in frequency-and/or time-domain.
Output results are given as 2D plots and/or 3D perspectives. These results can be exported in EPS (Encapsulated PostScript) file format, as an ASCII text data or copied as an image in Windows Clipboard. Animation is enabled for both 2D plots and 3D perspectives for results in both frequency and time domains. Also output results are given in an ASCII text report.
CONCLUSIONS
1. A two step method, that combines the antenna and circuit theory approaches, for computer analysis of transient voltages coupled to shielded cables that connect electronic equipment in HV substations subjected to lightning is described. Antenna model is used to compute voltages and currents in the shield, while circuit model may be used for evaluation of the voltages coupled to the cables.
shielding. User-friendly graphical interface allows effective data input and modification simultaneously with viewing results of computations, which utilizes such optimization during single interactive computer session.
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